Proinflammatory agents were assessed for their capacity to stimulate the expression of the inducible cyclooxygenase isoform (COX-2) in human neutrophils. A number of agents, including PMA, opsonized bacteria and zymosan, LPS, GM-CSF, TNFa, and fMLP, induced COX-2 protein expression through signaling pathways involving transcription and protein synthesis events. Northern blots showed that freshly isolated neutrophils expressed low levels of COX-2 mRNA, which rapidly increased after incubation with inflammatory agents. A characterization of the signal transduction pathways leading to COX-2 protein expression was initiated. In LPStreated neutrophils, efficient induction of COX-2 required the presence of serum and involved ligand binding to the CD14 surface antigen. The specific inhibitor of p38 mitogen-activated protein kinase (p38 MAPK), SB 203580, had little effect on the induction of COX-2 expression in neutrophils, in contrast to what had been previously observed with other inflammatory cell types. Depending on the agonist present, ethanol differentially blocked the stimulated expression of COX-2, raising the possibility that phospholipase D activation might take part in the process of COX-2 induction. Major COX-2-derived prostanoids synthesized by inflammatory neutrophils were identified by liquid-chromatography and tandem massspectrometry as TXA 2 and PGE 2 . The agonist-induced synthesis of TXA 2 and PGE 2 was effectively blocked by cycloheximide and by the specific COX-2 inhibitor NS-398. These results show that COX-2 can be induced in an active state by different classes of inflammatory mediators in the neutrophil. They support the concept that, in these cells, the COX-2 isoform is preeminent over COX-1 for the stimulatedproduction of prostanoids, and also suggest that neutrophil COX-2 displays a distinct profile of expression among circulatory cells.-Pouliot, M., Gilbert, C., Borgeat, P., Poubelle, P. E., Bourgoin, S., Créminon, C., Maclouf, J., McColl, S. R., Naccache, P. H. Expression and activity of prostaglandin endoperoxide synthase-2 in agonist-activated human neutrophils. FASEB J. 612, 1109-1123 (1998) 
NEUTROPHILS ARE the first blood cells that migrate toward inflammatory lesions, where they accumulate in large numbers and perform host defense functions. Well-characterized functions of the neutrophil include the phagocytosis of invading microorganisms and cell debris, the release of proteolytic enzymes, the generation of oxygen-derived reactive agents, as well as the synthesis of cytokines, chemokines (1) , and lipid mediators, including leukotriene (LT) B 4 , via the lipoxygenase pathway (2) . In addition, studies with the hemopoietic factor granulocyte-macrophage colony-stimulating factor (GM-CSF) 2 have illustrated the capacity of neutrophils to up-regulate the expression of specific cellular proteins, an event that may influence the response of these and other immune cells in inflammatory situations (3, 4) .
Whereas neutrophils are recognized as a major source of LTB 4 , their potential involvement in prostanoid synthesis has been controversial. Though the capacity of human neutrophils to synthesize prostaglandins (PG) and thromboxane (TX) from endogenous arachidonic acid (AA) sources was demonstrated two decades ago (5, 6) , few studies since have confirmed these observations (7) and seemingly divergent evidence has accumulated. Incubation of human neutrophils with a number of inflammatory agents, including lipopolysaccharide (LPS), has been reported to lead to the production of PGE 2 in vitro (8) ; however, it has been suggested that monocytes, but not neutrophils, account for the LPS-triggered cyclooxygenase activity observed in human whole blood ex vivo (9) . It remains unclear to what extent neutrophils have the capacity to synthesize cyclooxygenase-derived lipid mediators in response to inflammatory agents.
Prostaglandin endoperoxide synthase, also referred to as cyclooxygenase (COX), catalyzes a cyclooxygenase (bis-oxygenase) reaction in which AA is converted to PGG 2 and a peroxidase reaction in which PGG 2 undergoes a two-electron reduction to PGH 2 , the common precursor to all prostanoids, including PGD 2 , PGE 2 , PGF 2a , prostacyclin (PGI 2 ), and TX (10, 11) . Two COX isoforms, encoded by distinct genes (12) , have been described in mammalian cells (see ref 13 for a review). The COX-1 isozyme expressed constitutively in most tissues appears to support the levels of prostanoid biosynthesis required for maintaining organ and tissue homeostasis (11, 13) . In contrast, the mitogen-inducible cyclooxygenase isoform (COX-2) is the product of an early-response gene that is rapidly induced and tightly regulated (14) . COX-2 expression is highly restricted under basal conditions and can be up-regulated during inflammation (15, 16) . Although COX-2 is thought to be involved predominantly in the inflammatory response (15, 16) , it is also likely to be involved in many essential physiological functions since disruption of the COX-2 gene in mice results in renal dysplasia, cardiac fibrosis, and defects in the ovary (17) .
COX-2 expression is restricted to a limited number of cell types (18) ; it was initially observed in monocytes, vascular smooth muscle cells, synovial cells, and fibroblasts (19) . The observation that inhibiting de novo protein synthesis resulted in an inhibition in PGE 2 synthesis in stimulated cells suggested that neutrophils may express an inducible isoform of COX (8) . Since then, however, there has been conflicting evidence about the presence of COX-2 in these cells. In separate studies using both in vivo models of inflammation in rat, COX-2 immunoreactivity has either been localized to macrophages, but not to neutrophils (20) , or to a fraction of neutrophils and only a small proportion of macrophages (21) . Only recently was COX-2 protein expression observed in human neutrophils incubated with LPS (22) . The identity of other inflammatory agents that may potentially trigger the expression of this enzyme in human neutrophils remains obscure. Similarly, the mechanisms that regulate the expression of COX-2 in these cells are largely unknown at this time. Furthermore, it remains unclear which, if any, of the two COX isoforms plays a preeminent role in the stimulated synthesis of prostanoids by neutrophils. The aim of this study was to examine the expression of COX-2 in neutrophils and to assess the capacity of classical inflammatory agents to induce this enzyme. We now report that a number of proinflammatory factors can lead to the expression of active COX-2 in human neutrophils.
MATERIALS AND METHODS

Neutrophil preparation
Neutrophil suspensions were prepared as previously described (23), with modifications. Briefly, venous blood collected on citrate dextrose phosphate adenine anticoagulant solution from healthy volunteers was centrifuged (2501g, 10 min) and the platelet-rich plasma was discarded. After dextran sedimentation of erythrocytes, polymorphonuclear neutrophils were obtained by centrifugation over a Ficoll-Paque cushion. Contaminating erythrocytes were removed by hypotonic lysis, and purified granulocytes (ú95% neutrophils, õ5% eosinophils) were resuspended at a concentration of 10 1 10 6 cells/ml in Hank's balanced salt solution (HBSS) containing 10 mM HEPES pH 7.4, 1.6 mM Ca 2/ , and no magnesium. Resulting cell suspensions contained fewer than 0.2% monocytes as determined by esterase staining. Viability was greater than 96% as determined by trypan blue dye exclusion. The whole cell isolation procedure was carried out under sterile conditions at room temperature (RT).
Cell incubation and immunoblots
When mentioned, cells were preincubated for 30 min with the appropriate pharmacological agent prepared in either ethanol or dimethyl sulfoxide or with an equal volume of diluent. Organic solvent concentrations never exceeded 0.1% in cell preparations. HBSS was supplemented with 1% fetal calf serum (FCS) for all experiments using LPS. After incubation, cell pellets were resuspended in 150 ml of ice-cold lysis buffer (Hepes-buffered HBSS pH 7.4, 0.5% Triton X-100, 10 mg/ml phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin, 10 mg/ml aprotinin); 150 ml of 21 sample buffer [11: 62.5 mM TrisHCl, pH 6.8, 4% sodium dodecyl sulfate (SDS), 5% b-mercaptoethanol, 8.5% glycerol, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 0.025% bromophenol blue] was added and the mixtures were boiled for 7 min. Samples were then subjected to 9% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Immobilon membranes (Millipore Corporation, Bedford, Mass.). Equal protein loading and transfer efficiency was visualized by Ponceau red staining. The membranes were soaked for 30 min at RT in Tris-buffered saline (TBS: 25 mM Tris-HCl pH 7.6, 0.2 M NaCl, 0.15% Tween 20) containing 5% (w/v) dried milk and subsequently exposed to an anti-COX-2 rabbit polyclonal antibody (24) . The membranes were washed twice in TBS and incubated with a horseradish peroxidase-linked donkey anti-rabbit antibody (dilution 1:15000). Bound antibodies were revealed with the / 382f 0017 Mp 1111 Monday Aug 03 11:34 AM LP-FASEB 0017 enhanced chemoluminescence reagent after the manufacturer's protocol (NEN Life science, Boston, Mass.).
Northern blots
Total RNA was isolated by using Trizol reagent according to the manufacturer's protocol (Gibco-BRL, Grand Island, N.Y.), with modifications. Briefly, 50 1 10 6 neutrophils were homogenized in 1 ml Trizol and 200 ml of chloroform was added. After a brief mixing by vortex, samples were centrifuged at 12,000 1 g for 15 min at 4ЊC. After centrifugation, 500 ml of the upper aqueous phase was transferred to a tube containing an equal volume of isopropanol. The mixtures were thoroughly vortexed and centrifuged at 12,000 1 g for 10 min at 4ЊC. Supernatants were carefully discarded and the precipitated RNA pellets were washed with 1 ml of 70% ethanol. RNA pellets were centrifuged at 12,000 1 g for 5 min at RT. The supernatants were discarded and the pellets were allowed to air-dry for 2-3 min. RNA pellets were resuspended in water and RNA was quantitated by measuring the optical density at 260 nm. The filters were hybridized with a human COX-2 cDNA probe, labeled with [a-32 P]dCTP using GIGAprime DNA Labeling Kit (Bresatec, Adelaide, Australia). The COX-2 cDNA probe was synthesized by reverse transcriptase-PCR. The COX-2 primers were 5-GCT GAC TAT GGC TAC AAA AGC TGG-3 and 5-ATG CTC AGG GAC TTG AGG AGG GTA-3. Integrity of the RNA and equal loading on agarose/ formaldehyde gels (10-15 mg/well) were verified by hybridization with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The observed COX-2 mRNA band was approximately 4.6 kb, sometimes with two secondary bands of approximately 6 and 3 kb.
Densitometry
Autoradiograms were scanned using a Vista S6E scanner (UMAX Technologies, Inc., Fremont, Calif.) and densitometry was performed using the National Institutes of Health Image program. Densitometry of the doublet corresponding to COX-2 on autoradiograms was evaluated. For each agonist, the value obtained at t Å 4 h was divided by that obtained at t Å 10 min in the same experiment in order to account for differences in exposure between experiments.
Analysis of cyclooxygenase products by LC-MS-MS
After appropriate treatment, incubations were terminated by repeated freezing and thawing of the samples, and cell debris was discarded by brief centrifugation (12,0001g 
Measurement of PGE 2 by EIA
Evaluation of PGE 2 synthesis was performed as previously described (26) , using a commercial enzyme immunoassay (EIA) kit (Cayman Chemical Co., Ann Arbor, Mich.). Cross-reactivities in the PGE 2 EIA were õ0.04% for 6-keto PGF 1a and õ0.01% for LTB 4 , TXB 2 , and AA.
Statistical analysis
Statistical analysis was performed by Student's unpaired t test (two-tailed), and significance was considered to be attained when P was õ 0.05.
Reagents
Dextran T-500 and Ficoll-Paque were purchased from Pharmacia Fine Chemicals (Dorval, Québec). HBSS was from Gibco laboratories (Burlington, Ontario). Recombinant human interleukin 8 (IL-8) was a gift from Dr. Caroline Hébert (Genentech, South San Francisco, Calif.). Biosynthetic recombinant human GM-CSF was a gift of The Genetics Institute, Cambridge, Mass., and was dissolved in sterile buffered saline containing 0.01% human serum albumin; the stock solution (100 nM of GM-CSF) was stored at 080ЊC and handled aseptically. Biosynthetic recombinant human tumor necrosis factor a (TNF-a) with a specific activity of 10 7 U/mg was a generous gift from Knoll Pharmaceuticals (Whippany, N.J.). It was stored at 080ЊC in PBS containing 0.01% bovine serum albumin at a concentration of 10 6 U/ml. Tests on these solutions using the Limulus amoebocyte assay (Whittaker Bioproducts, Walkerville, Md.) for LPS were negative. LPS (Escherichia coli 0111-B4) was obtained from Difco Laboratories (Detroit, Mich.). The chemotactic peptide N-formyl-methionyl-leucylphenylalanine (fMLP), the ionophore A23187, HEPES, aprotinin, leupeptin, phenylmethylsulfonyl fluoride, Triton X-100, ponceau S, tween-20, propidium iodide, dimethyl sulfoxide, cycloheximide (CX), actinomycin D (AD), indomethacin, phorbol 12-myristate 13-acetate (PMA), herbimycin A, bovine serum albumin, dexamethasone (Dex), and PGB 2 were from Sigma Chemical Co. ). All products for SDS-PAGE and protein blotting were of reagent grade and purchased from Pharmacia (Montreal, Québec). Rabbit polyclonal antibody was prepared against the peptide (C)-NASSSRSGLDDINPTVLLK, which is present only in the carboxyl-terminal of human COX-2 (19, 27) . The specificity of this antibody toward the inducible isoform COX-2 has been extensively characterized previously / 382f 0017 Mp 1112 Monday Aug 03 11:34 AM LP-FASEB 0017 (24) . Horseradish peroxidase-linked goat anti-rabbit purified antibody was purchased from BIO/CAN (Mississauga, Ontario). NS-398, PGE 2 , and PGE 2 -3, 3, 4, 4-d 4 were from Biomol Research Laboratories (Plymouth Meeting, Pa.). Leukotriene B 4 , thromboxane B 2 , and 6-keto-PGF 1a were purchased from Cayman Chemical Company (Ann Arbor, Mich.). All solvents were HPLC grade from Anachemia (Montreal, Québec). All other reagents were of analytical grade.
RESULTS
COX-2 protein and mRNA expression in human neutrophils
The ability of human neutrophils to express the mitogen-inducible cyclooxygenase isoform (COX-2) after activation of protein kinase C was assessed first. Cells were incubated for various periods of time with the phorbol ester PMA or its diluent and analyzed by immunoblot using an antibody that specifically recognizes the COX-2 isoform (24). Freshly isolated, unstimulated cells displayed no detectable COX-2. On the other hand, PMA time-dependently stimulated the appearance of a doublet with a relative molecular mass of 72-74 kDa. This doublet pattern is characteristic of the COX-2 isoform and likely represents differentially glycosylated forms of the enzyme (28) (Fig. 1A) . COX-2 could be detected after 30 min of incubation with PMA and the immunoreactive signal increased with time for up to 20 h. COX-2 was not detected at any of the time points in diluent-treated cells.
Selected phagocytic stimuli for the neutrophil were assessed for their capacity to induce COX-2. Cells were incubated for various periods of time with bacteria (B), serum-opsonized bacteria (Bop), zymosan (Z), or serum-opsonized zymosan (Zop). Although the two particles time-dependently induced the protein expression of COX-2 in neutrophils, their prior opsonization led to a more rapid and potent induction of the enzyme (Fig. 1B) . Opsonized particles induced the protein expression of COX-2 within 30 min of incubation and the induction was sustained for up to 20 h, when the upper band of the doublet became prominent.
Time course incubations were also performed with neutrophil soluble agonists. Proinflammatory cytokines such as IL-1b and TNF-a, a bacterial wall byproduct, LPS, the chemotactic peptide fMLP, the growth factor granulocyte-macrophage colony-stimulating factor (GM-CSF), and the C-X-C class chemokine IL-8 were assessed. As shown in Fig. 1C , TNFa, LPS, GM-CSF, and fMLP all induced the expression of COX-2 in a time-dependent fashion. Preincubation with 10 mM cytochalasin B resulted in a more intense induction of COX-2 expression in fMLP-treated cells (Fig. 1C, inset) . The most rapid response within this group of agonists was obtained with fMLP, and immunoreactive COX-2 could be detected as early as 30 min after stimulation. The levels of the enzyme increased with the length of incubation [up to 1 h(fMLP) or 4 h (LPS, GM-CSF, and TNF-a)], and the enzyme was still detectable after 20 h. At that time, the upper band appeared to be prominent, in some cases being the only remaining immunoreactive band. IL-8 did not lead to a detectable expression of COX-2. IL-1b also failed to induce any detectable levels of COX-2 in the neutrophil. COX-1 protein was barely detectable in unstimulated neutrophil preparations as assessed by immunoblotting and no significant change of immunoreactivity could be observed after cell treatment (data not shown). As determined by densitometric analysis of the doublets after 4 h of incubation in these experiments, PMA triggered the greatest COX-2 induction with an approximately 8.5-fold increase of the immunoreactive doublet. Zop and TNF-a were also potent stimuli of COX-2 induction, closely followed by GM-CSF, LPS, fMLP, and Bop (Fig. 1D) .
The involvement of transcriptional and translational events for agonist-triggered COX-2 protein expression in the neutrophil was addressed. Cells were incubated for 1 h 1) with either PMA, fMLP, LPS, Zop, TNF-a, or GM-CSF alone, 2) in combination with the transcription inhibitor actinomycin D (AD), or 3) with the protein synthesis inhibitor CX. Similar results were obtained with every agonist; blocking transcription with AD only partially blocked the stimulation of COX-2 protein expression, whereas inhibition of translation by CX consistently decreased COX-2 expression below the limits of detection (Fig. 2) .
Total RNA from human neutrophils was extracted in order to evaluate the expression of COX-2 mRNA by Northern blot. In these experiments, freshly isolated, unstimulated cells displayed low but detectable levels of COX-2 mRNA. Incubation of the cells with PMA induced a time-dependent increase in the expression of COX-2 mRNA. A band of approximately 4 kb along with two secondary bands became visible after 30 min of incubation with PMA; this increase was sustained until the 60 min time point. In unstimulated cells, the COX-2 mRNA levels were present but relatively low at each time point (Fig. 3A) . Incubation of the cells for 60 min with fMLP, TNFa, GM-CSF, Zop, or LPS also led to significant increases in COX-2 mRNA levels compared to untreated cells. At that time, the levels of COX-2 mRNA were highest in fMLP, TNF-a, and LPS-stimulated neutrophils, and GM-CSF led to a weaker increase. On the other hand, incubation with IL-1b did not significantly alter COX-2 mRNA levels (Fig. 3B) .
Regulation of COX-2 expression in human neutrophils
Experiments were performed to assess the effect of serum and the involvement of the CD14 surface an-/ 382f 0017 Mp 1113 Monday Aug 03 11:34 AM LP-FASEB 0017 Figure 1 . Stimulation of COX-2 expression in human neutrophils by different classes of agonists. Neutrophils were stimulated and processed for determination of COX-2 expression by immunoblotting, as described in Materials and Methods. Immunoblots are representative of at least three independent experiments performed with different donors under identical conditions. A) Effect of PMA on the expression of COX-2. Neutrophils were incubated for the times indicated in the absence or presence of 100 nM PMA. B) Effect of phagocytic stimuli on the expression of COX-2. Neutrophils were incubated in the presence of bacteria (B; 10 8 bacteria/ml), opsonized bacteria (Bop; 10 8 bacteria/ml), zymosan (Z; 300 mg/ml), or opsonized zymosan (Zop; 300 mg/ ml). C) Effect of soluble agonists on the expression of COX-2. Neutrophils were incubated with LPS (1 mg/ml in the presence of 1% FCS), GM-CSF (1 nM), TNF-a (100 nM), IL-1b (100 nM), IL-8 (100 nM), or fMLP (100 nM). Inset: Neutrophils were incubated for 60 min with fMLP in the absence (0) or presence (/) of 10 mM cytochalasin B (CB). D) Densitometric measurement of COX-2 expression induced by different neutrophil agonists. Agonist-induced COX-2 expression was evaluated by densitometric analysis of the 4 h time point, as described in Materials and Methods. Results are presented in fold increase of densitometric measurements from the 10 min to the 4 h time point (mean{SEM, nÅ3).
tigen on the induction of COX-2 protein expression by LPS. Neutrophils were incubated with various concentrations of LPS for 60 min in the absence or presence of 1% FCS. The capacity of LPS to induce COX-2 in neutrophils was potentiated by approximately 100-fold by serum. (Fig. 4A) . A protein present in the plasma (LBP) forms a complex with LPS, which may interact with neutrophils through the CD14 surface marker. In our experiments, the presence of a monoclonal antibody (MEM18) that specifically blocks the interaction between the LPS-LBP complex and CD14 effectively prevented the induction of COX-2 by LPS ( Fig. 4B ). An isotype-matched irrelevant antibody (6F4B6) was without effect. Activation of p38 MAPK is required for optimal COX-2 induction in stimulated human monocytes, fibroblasts, and vascular endothelial cells, as prevention of p38 MAPK activation by the specific inhibitor SB 203580 effectively blocks the induction of COX-2 in these cells (29, 30) . We therefore investigated the potential role of p38 MAPK on the expression of COX-2 in neutrophils. In contrast to previous observations in other cell types, SB 203580 had no discernible effect on the expression of COX-2 in neutrophils incubated with different classes of agonists (Fig. 5A) .
We sought to determine the effect of a synthetic glucocorticoid, Dex, on the stimulated expression of COX-2 in human neutrophils. Cells were incubated with different classes of agonists in the presence of diluent or Dex at concentrations ranging from 10 pM to 1 mM. Under these experimental conditions, Dex showed a weak inhibitory effect on the stimulated expression of COX-2 only at the highest concentration used. A typical immunoblot of fMLP-treated neutrophils is presented in Fig. 5B . Similar results were obtained with the other agonists inasmuch as no significant effect of Dex on COX-2 protein expression was observed at concentrations below 1 mM (data not shown).
Phospholipase D (PLD), which hydrolyzes phospholipids (primarily phosphatidylcholine) to generate phosphatidic acid (PA), has emerged as a critical component in cellular signal transduction. PA and its , and GTP binding proteins. The presence of ethanol (EtOH) prevents the production of second-messenger phosphatidic acid, and leads instead to the production of phosphatidylethanol (31) . We incubated the neutrophils with concentrations of EtOH ranging from 0.1 to 2.0% (v/v) in order to assess the potential involvement of PLD activation in the induction of COX-2. EtOH inhibited the PMA-elicited expression of COX-2 in a concentration-dependent fashion. Since butanol has been shown to be a better transphosphatidylation substrate for PLD than EtOH (32), we sought to determine whether the capacity of primary alcohols to inhibit neutrophil COX-2 expression was related to their ability to serve as transphosphatidylation substrates and thereby as an inhibitor of phosphatidic acid formation in stimulated neutrophils. Butanol was more potent than EtOH in inhibiting COX-2 induction (Fig. 6A) , in agreement with its better ability to serve as a transphosphatidylation substrate for PLD. The effect of 1.0% EtOH on the protein expression of COX-2 was evaluated in cells treated with different agonists including PMA, LPS, Zop, fMLP, and TNFa. The results of these experiments indicate that EtOH has differential effects on COX-2 protein expression, depending on the agonist used (Fig. 6B) . As evaluated by densitometric analysis of immunoreactive COX-2 in three separate experiments, inductions by LPS or by TNF-a were only minimally affected by the presence of EtOH. PMA-and fMLPtriggered COX-2 protein expression was decreased by approximately 50%. The induction triggered by Zop was that most affected by EtOH, being decreased by approximately 75% (Fig. 6C) . The activation of PLD therefore seems to be variably involved in the induction of COX-2, depending on which agonist is used.
Identification of COX-derived metabolites in agonist-activated neutrophils
Cells were incubated for 20 h with a selection of agonists capable of inducing COX-2 protein expression and processed for the identification of COX-derived metabolites by LC-MS-MS, as described in Materials and Methods. In each experiment, samples were analyzed for the presence of PGD 2 , PGE 2 , PGF 2a , PGI 2 , and TXA 2 , the latter two being evaluated by monitoring their stable derivatives 6-keto-PGF 1a and TXB 2 , respectively. Resting cells did not yield detectable amounts of these eicosanoids. Incubation with PMA, on the other hand, led to the production of TXB 2 and PGE 2 (Fig. 7A) indomethacin (Indo; 1 mM) blocked the synthesis of both eicosanoids to an extent similar to that of NS-398, inhibiting PMA-triggered synthesis of TXB 2 and PGE 2 by 92 { 3% and 70 { 6%, respectively (mean{SEM; nÅ2). The presence of Dex (1 mM) had only a marginal effect on eicosanoid production in PMA-treated cells, diminishing TXB 2 and PGE 2 synthesis by 24 { 5% and 5 { 3% (mean{SEM; nÅ3), respectively (Fig. 7B ). Other agonists (Zop, TNF-a, and fMLP) led to qualitatively similar results, inasmuch as TXB 2 and PGE 2 were the only COX-derived metabolites detected and their synthesis was significantly prevented by NS-398 (data not shown). In all experiments, TXB 2 was produced in greater amounts than PGE 2 ; however, whereas the treatment of the cells with PMA produced a TXB 2 /PGE 2 molar ratio of 2.7 { 0.1 (mean{SEM; nÅ6), the ratio was 1.5 { 0.1 (nÅ3) for all other agonists. Other COX-derived metabolites, including PGD 2 , PGF 2a , and 6-keto-PGF 1a , were looked for and consistently not detected under all conditions used. These results identify TXB 2 and PGE 2 as the main COX-derived metabolites produced by activated human neutrophils. They also confirm the capacity of neutrophils to synthesize eicosanoids from endogenous AA via the COX-2 pathway. PGE 2 synthesis by neutrophils treated with selected agonists was also measured by EIA, as described in Materials and Methods. In time course experiments, PGE 2 was first detected after 4 h of incubation with PMA, and levels of PGE 2 continued to increase for up to 20 h. Incubation with other agonists yielded similar kinetics, albeit with different magnitudes (Fig.  8A) . Among the agonists used, PMA was the most potent and elicited synthesis of approximately 9 ng of PGE 2 after 20 h of incubation. PMA was followed by (in decreasing order) Bop, Zop, Z, TNF-a, and fMLP (Fig. 8B) . Despite their ability to induce COX-2 in a commensurable way, LPS and GM-CSF did not trigger any detectable synthesis of PGE 2 under these experimental conditions. Inhibition of protein synthesis by CX effectively blocked PGE 2 
a Neutrophils were stimulated for 20 h with the indicated agonists alone or in the presence of 20 mg/ml cycloheximide or 1 mM NS-398. PGE 2 synthesis was then determined by EIA, as described in Materials and Methods. Results shown are the percentage of inhibition by the metabolic inhibitor (mean{SEM) when compared to the PGE 2 synthesis from stimulated cells in the absence of inhibitor.
agonists. NS-398 also blocked the synthesis of PGE 2 in all conditions tested ( Table 1) . The latter inhibition by NS-398 was not due to a decrease in COX-2 protein synthesis, as NS-398 actually caused an increase of the immunoreactive levels of COX-2 protein in neutrophils incubated with different agonists (Fig. 8C) . In addition to confirming the data obtained by LC-MS-MS, the present data further substantiate a preeminent role of COX-2 for eicosanoid synthesis by the neutrophil.
COX-2 expression, substrate availability, and PGE 2 synthesis by human neutrophils
LPS and GM-CSF induced COX-2 protein expression in neutrophils, but did not trigger any significant PGE 2 synthesis when compared to untreated cells. Experiments were conducted to determine whether stimulation of endogenous AA release could result in enhanced PGE 2 synthesis by the neutrophil's COX-2. In this set of experiments, COX-2 protein expression was induced by incubating the cells with LPS for 2 h. Neutrophils were then challenged with the divalent cation ionophore A23187 (1 mM) for 5 min, and reactions were stopped by rapid cooling of the samples. PGE 2 synthesis was evaluated by EIA. Incubation with LPS alone did not induce significant PGE 2 synthesis when compared to control cells (incubated in the absence of LPS). Stimulation of the control cells with A23187 caused a modest production of PGE 2 . In contrast, stimulation with A23187 strikingly enhanced / 382f 0017 Mp 1119 Monday Aug 03 11:34 AM LP-FASEB 0017 Figure 9 . Involvement of AA availability and COX-2 expression for the synthesis of PGE 2 by human neutrophils. Cells were incubated for 2 h in the absence or presence of 1 mg/ml LPS, then challenged with the divalent cation ionophore A23187 (1 mM) or an equal volume of HBSS for 5 min. PGE 2 synthesis was then determined by EIA. Cells incubated with LPS and stimulated with A23187 resulted in the synthesis of 2.7 { 0.7 ng (mean{SEM, nÅ4). Results are expressed as the percentage of PGE 2 synthesis in each sample compared to that from cells incubated with LPS and stimulated with A23187; they represent the mean { SEM from four distinct experiments conducted under identical conditions. the production of PGE 2 by LPS-incubated cells (Fig.  9) . A similar set of experiments was performed using physiological agonists instead of A23187. After exposure to LPS, cells were challenged with 100 nM fMLP or 300 nM platelet-activating factor (PAF). Stimulation with either fMLP or PAF of LPS-treated cells resulted in a significant increase of PGE 2 synthesis. In the presence of NS-398, this stimulated-PGE 2 synthesis was inhibited by approximately 95% (data not shown).
DISCUSSION
A number of inflammatory factors were identified that up-regulate the expression of COX-2 in human neutrophils. First, activation of PKC by PMA potently induced COX-2. Second, inflammatory stimuli, including Zop and Bop, LPS, GM-CSF, TNF-a, and fMLP, increased the expression of this early-response gene. The COX-2 induction by these agents was rapid, especially in the case of fMLP, where de novo synthesized enzyme was detected within 30 min of exposure to the peptide. In comparison to the other agents tested, the C-X-C chemokine IL-8 was a weak COX-2 inducer. IL-1b failed to stimulate COX-2 expression in neutrophils under the experimental conditions used in this study. In several cell types, including human monocytes (33) , synovial cells (34, 35) , dermal fibroblasts (36), astrocytes (37), amnion-derived wish cells (38) , chondrocytes (39) , smooth muscle cells (40) , pulmonary epithelial cells (41) , and several other types (42) (43) (44) , IL-1b caused the induction of COX-2. The only circulating cell type (other than neutrophils) in which COX-2 has been shown to be expressed is the monocyte. The differential responsiveness to IL-1b in these two cell types highlights the distinct roles that neutrophils and monocytes may play in the inflammatory response.
It has previously been shown that the ability of LPS to prime isolated neutrophils for enhanced functional responses is dependent on the presence of plasma and involves a CD14-dependent mechanism (45) . Results from the present study confirm these observations and extend the involvement of LBP and CD14 to the LPS-elicited COX-2 expression in neutrophils. Different classes of inflammatory agents interacting with receptors that belong to different families, including receptors linked to heterotrimeric GTP binding proteins (fMLP) or to tyrosine kinases (GM-CSF), the F Cg receptors (opsonized particles, LPS), and the ceramide-linked receptors (TNF-a), induced COX-2 expression. Each class of receptor may then activate specific and distinct signal transduction cascades, which may then converge toward a common path leading to up-regulation of the COX-2 gene. In addition, some of the agents tested stimulated aggregation, degranulation, and superoxide production by the neutrophil. It is therefore possible that the effects of some of these agents could have been mediated indirectly by some of the released neutrophil-derived products.
For many agonists, downstream events that follow their binding to neutrophil receptors remain unclear. However, the stimulation of p38 MAPK has been positively linked to the induction of COX-2 in human monocytes, fibroblasts, and vascular endothelial cells (29, 30) . We therefore sought to determine the effect of a specific p38 MAPK inhibitor, SB 203580, on the stimulated protein expression of COX-2 in human neutrophils. When used at a concentration that is effective for blocking the expression of COX-2 in monocytes stimulated with different agonists (29) , SB 203580 had no significant effect on the expression of COX-2 in the present study. MAPK cascade has been recognized as a major signaling pathway transmitting signals from growth factors, hormones, and cytokines to the early-response genes (46) ; it is possible that other MAPKs, such as ERK-1 and ERK-2 or c-jun amino-terminal kinases/stress-activated protein kinases (JNK/SAPKs), may be involved in this response instead of p38 MAPK. The present data nevertheless suggest that the p38 MAPKmediated pathway is not central to COX-2 gene expression in neutrophils.
At least part of the anti-inflammatory action of glucocorticoids is due to the suppression of COX-2 induction by proinflammatory stimuli (47) . However, the induction of COX-2 in neutrophils was relatively insensitive to Dex treatment. Concentrations of the glucocorticoid that were effective for up-regulating 5-lipoxygenase-activating protein (FLAP) in human neutrophils (4) did not modify the expression of COX-2. Accordingly, when used at 1 mM, Dex had only a marginal inhibitory effect on PMA-triggered PGE 2 and TXA 2 synthesis. This contrasts with other cell types, such as monocytes/macrophages, fibroblasts, endothelial cells, and related cell lines, where glucocorticoids block the induction of COX-2 and inhibit PG synthesis (15, 20, 42, 47, 48) . In certain cells, however, corticosteroids act paradoxically by stimulating rather than inhibiting PG production. Cultures of human amnion cells increase their capacity to convert exogenous AA to PGE 2 in response to glucocorticoid treatment (49, 50) . A recent study also reported that Dex treatment of amnion cells resulted in an increase of COX-2 mRNA levels (51). These results, along with the lack of effects of IL-1b and the insensitivity to the p38 MAPK inhibitor, suggest that the expression of COX-2 in neutrophils relies on mechanisms that significantly differ from those previously implicated in other human circulating cells, namely, monocytes. They also demonstrate that the COX-2 signals (protein and mRNA) monitored in the present study do not originate from contaminating monocytes.
Transcription and translation are necessary for the induction of COX-2 in human neutrophils. However, inhibition of transcription only partially blocked COX-2 induction, suggesting that COX-2 mRNA may be constitutively expressed in neutrophils. Although COX-2 mRNA was indeed detected in fresh unstimulated cells, it remains to be established whether this is the result of a constitutive expression or is a consequence of the cell isolation procedures. Indeed, the latter may induce partial cell activation, which in turn results in an up-regulation of COX-2 mRNA expression. The human COX-2 gene produces two major transcript isoforms, 4.6 and 2.8 kb in length, which originate from alternative polyadenylation in the 3-untranslated region (52) . In the present study, the 4.6 kb form was prominent over the 2.8 kb one under all conditions assessed. An additional and relatively weak band of approximately 6 kb was sometimes observed; the identity of this band is currently unknown. The levels of COX-2 mRNA rapidly increased after stimulation by several inflammatory agents, suggesting that the up-regulation of COX-2 mRNA is an integral part of the stimulation of COX-2 enzyme expression by these agents. Accordingly, the 5-flanking regions of COX-2 genes from different species, including humans, are typical of early-response genes and contain a number of cisacting elements such as CRE, AP2, Sp1, and NF-IL6 (53-57) that can participate in the transcriptional regulation of the COX-2 gene (55, 56, 58) . As underscored by the complexity of the regulation of the COX-2 gene in multiple tissues, additional studies will be required to identify elements that are involved in the transcriptional expression of this gene in neutrophils.
Inhibition of PLD by the addition of primary alcohols reduced the stimulated expression of COX-2 in neutrophils. The capacity of EtOH and ButOH to inhibit neutrophil COX-2 expression correlated with their ability to serve as transphosphatidylation substrates and inhibitors of phosphatidic acid formation. The effect of alcohols was concentration dependent and agonist specific. Only the responses to agonists that have previously been shown to stimulate PLD activity in human neutrophils (PMA, Zop, and fMLP but not LPS or TNF-a) were significantly inhibited by EtOH (59, 60) . Although TNF-a has been shown to prime neutrophils and to enhance PLD activity in response to fMLP or IL-8, it does not by itself affect PLD activity (61, 62) . Until now, no stimulation of PLD activity by LPS has been reported in neutrophils. These results suggest that distinct PLD-dependent and PLD-independent signaling pathways regulate the expression of COX-2 in neutrophils. PLD-derived products have recently been reported to be involved in the induction of COX-2 by phorbol esters in kidney cells (63) . However, it is unclear whether the effects are due to phosphatidic acid itself or to phosphatidic acid-derived diacylglycerol. In T lymphocytes, PLD stimulation activates the transcription factor AP-1 in a PKC-dependent manner (64) . Many proteins are involved in the regulation of transcription factors; their phosphorylation by phosphatidic acid or diacylglycerol-activated kinases could provide the link between PLD activation and RNA/ protein synthesis. Additional studies will be required to identify the signaling proteins involved in the transcriptional expression of COX-2 in neutrophils.
Whereas several of the stimuli tested increased the levels of immunoreactive COX-2 to similar levels, the amplitude of prostanoid synthesis differed significantly depending on the agonist. For example, fMLP significantly increased COX-2 levels but was a relatively weak stimulus for the synthesis of PGE 2 . In addition, the stimulation by GM-CSF or LPS consistently / 382f 0017 Mp 1121 Monday Aug 03 11:34 AM LP-FASEB 0017 failed to stimulate PGE 2 synthesis. The latter result contrasts with one from an earlier study where LPS alone triggered the synthesis of PGE 2 from neutrophils (22) . This apparent discrepancy can be related to the concentrations of serum used, which were 10-fold higher than in the present report. The presence of cytokines, growth factors, and other agents in the serum may have potentiated the effect of LPS. These results also underlined the requirement of AA for the production of prostanoids by COX-2 in inflammatory neutrophils. Indeed, in LPS-treated cells, A23187 led to the production of significant amounts of PGE 2 . Moreover, PGE 2 synthesis from LPS-treated neutrophils could also be triggered after stimulation by physiological agonists known to induce the release of AA such as fMLP or PAF. These results demonstrate that the LPS-induced COX-2 is present in an active state and that endogenous AA released upon further stimulation of inflammatory neutrophils by agonists is readily used by COX-2 for synthesis of PGE 2 .
It was important to determine which cyclooxygenase isoform was responsible for the stimulated synthesis of eicosanoids in our studies. The specific COX-2 inhibitor NS-398 effectively blocked the synthesis of PGE 2 and TXA 2 induced by all agonists that triggered the expression of COX-2 protein. Furthermore, inhibition of protein synthesis prevented the synthesis of eicosanoids, thus confirming that the inducible COX isoform is primarily involved in eicosanoid synthesis by activated human neutrophils. Whereas TXA 2 is considered a proinflammatory compound, PGE 2 has been shown to exert both pro-and anti-inflammatory actions. The effect that the enhanced synthesis of these two eicosanoids may have on neutrophil functions in inflammatory situations therefore remains to be established; the relative abundance of bioactive eicosanoids at inflammatory sites as well as their kinetics should be taken into consideration in order to enhance our understanding of neutrophil involvement in shaping the inflammatory response. COX-2 is a multifaceted protein; in line with the proposed anti-apoptotic and growth-promoting properties of some of its products, the onset of COX-2 expression is likely to influence the functional activities of the neutrophil.
In summary, we have identified a number of inflammatory agents that, in vitro, rapidly induce the expression of COX-2 and the synthesis of TXA 2 and PGE 2 from endogenous AA in human neutrophils. The responses depend on signaling pathways, which rely on both transcriptional and translational events. Studies with selected pharmacological agents showed that regulation of the neutrophil COX-2 differs from that observed in other inflammatory cells, such as monocytes. The results presented here also suggest that the COX-2 isoform is preeminent over COX-1 for the stimulated production of COX products in human neutrophils. The timely onset of COX-2 in the neutrophil may significantly affect the way these cells influence the inflammatory response. 
